Abstract. The primary aim of experimental nuclear astrophysics is to determine the rates of nuclear reactions taking place in stars in various astrophysical conditions. These reaction rates are important ingredient for understanding the elemental abundance distribution in our solar system and the galaxy. The reaction rates are determined from the cross sections which need to be measured at energies as close to the astrophysically relevant ones as possible. In many cases the final nucleus of an astrophysically important reaction is radioactive which allows the cross section to be determined based on the off-line measurement of the number of produced isotopes. In general, this technique is referred to as the activation method, which often has substantial advantages over in-beam particle-or γ-detection measurements. In this paper the activation method is reviewed from the viewpoint of nuclear astrophysics. Important aspects of the activation method are given through several reaction studies for charged particle, neutron and γ-induced reactions. Various techniques for the measurement of the produced activity are detailed. As a special case of activation, the technique of Accelerator Mass Spectrometry in cross section measurements is also reviewed.
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Introduction
In 2017 the 60 th anniversary of two seminal publications was celebrated which is considered to be the birth of a new scientific discipline called nuclear astrophysics. In 1957 E.M. Burbidge, G.R. Burbidge, W.A. Fowler and F. Hoyle (often abbreviated as B 2 FH) [1] and independently A.G.W. Cameron [2] gave a detailed description of nuclear processes in stars and explained many aspects of astronomical observations and the abundances of chemical elements and their isotopes observed in nature.
Our understanding of nuclear processes in our Universe has been improved tremendously since the publication of these papers. This is in part due to the fact that many nuclear reactions of astrophysical importance have been studied experimentally providing input for the astrophysical models. The activation method has played a vital role in these experiments. This method is reviewed in the present paper with regard to nuclear astrophysics experiments. First a short introduction to nuclear astrophysics and to the activation method is given.
A short account of nuclear astrophysics and the importance of cross section measurements
It is a common knowledge that the only source of energy that can power stars for billions of years is nuclear energy [3] . The fusion of hydrogen into helium generates enough energy for billions of years in main sequence stars like our Sun. After the exhaustion of hydrogen, a gravitational contraction will occur until He-burning starts to be efficient in the solar core. Thus, production of carbon and oxygen will be ignited before the Sun runs out of fuel. More massive stars can go through a series of burning stages that allow them to sustain their operation, however, for shorter and shorter periods of time, a sequence that eventually may lead to a supernova explosion [4] . All the quiescent burning stages and also the stellar explosions involve nuclear reactions. Information about these reactions is of fundamental importance for the detailed understanding of these processes.
Nuclear reactions are not only responsible for the energy generation of stars, but also for the synthesis of the chemical elements that are observed in the universe today. Primordial nucleosynthesis, one of the strongest pieces of evidence for the Big Bang theory, relies on the knowledge of about a dozen of reactions that took place in the first few minutes after the Big Bang [5] . Hydrogen, Helium and a small amount of Lithium were produced in this way, while heavier elements could only be made during stellar evolution. Li, Be and B represent an exception since, besides lithium production during Big Bang nucleosynthesis, their primary production source is galactic cosmic-ray nucleosynthesis [6] .
The stellar burning phases of stars build chemical elements up to the Iron group by sequences of charged particle induced reactions. The chemical elements heavier than Iron are synthesized in stars in processes taking place in parallel with a given main stellar burning process. The dominant fraction of the heavy elements is thought to be produced by sequences of neutron capture reactions. Two main distinct processes are considered, the s-process which takes place in giant stars [7] and the r-process which can occur only in explosive stellar environments [8] and/or in neutron star mergers [9] . Other neutron capture processes like the i-process are also suggested to explain part of the observed heavy element abundances [10] . The production mechanism of the heavy, proton-rich isotopes that cannot be synthesized by neutron-induced reactions, is in general referred to as the astrophysical p-process [11] . Various sub-processes are considered, the most important role is attributed to the γ-process [12] .
Nuclear reactions play a key role in all processes of energy generation and nucleosynthesis. With the exception of cosmic-ray induced reactions, the reactions take place in a plasma environment at thermal equilibrium. The interaction energies are therefore determined by the temperature of the plasma. The key quantity that determines the energy release from a given reaction and the rate of production or destruction of a given isotope is the thermonuclear reaction rate. In the case of two reacting particles (none of them is a γ-quantum) the rate is given by the following formula [13, 14] :
vσ(E)P (E)dE (1) where N 1 and N 1 are the number densities of the two reacting particles in the plasma, v and E are, respectively, the relative velocity and energy of the particles, P (E) is the energy distribution and σ(E) is the cross section of the reaction as a function of the interaction energy. At typical stellar conditions the energy distribution of the interacting particles can be well approximated by a MaxwellBoltzmann distribution. In this case the reaction rate formula becomes Here T is the plasma temperature and µ is the reduced mass of the reacting particles. In order to calculate the reaction rate, information about the cross section as a function of energy is needed. In fact, the cross section must be known only within a limited energy range where the integrand in Eq. 2 is not negligible. In the case of charged particle induced reactions the important energy region is called the Gamow-window [14, 15] which results from the combination of the MaxwellBoltzmann distribution and the energy dependence of the cross section. Owing to the Coulomb barrier penetration effect, the Gamow-window is shifted to much higher energies than the thermal energy kT. Two examples: for the Hydrogen burning reaction 3 He(α, γ) 7 Be at solar temperature of 15 MK (kT = 1.3 keV) the Gamow-window is between about 15 and 30 keV [16] . At 2 GK temperature (kT = 170 keV) encountered in a supernova explosion, the Gamow-window for the 130 Ba(α, γ) 134 Ce reaction relevant to the γ-process is between about 5 and 8 MeV [17] . On the contrary, the relevant energy for neutron-induced reactions lies very close to the thermal kT one, because no Coulomb repulsion is present between the interacting particles [18] .
Knowledge collected over several decades about astrophysical processes and the physics of stars would not have been possible without the knowledge about stellar reaction rates and therefore about cross sections [19] . In principle, nuclear theory can provide the necessary cross sections, but for increasing the reliability of the models, accurate experimental cross section data are indispensable. In many cases, especially for charged particle induced reactions, the extremely low (sub-µbarn) cross section at astrophysical energies prevents direct measurements. However, measurements at higher energies help constrain nuclear theory and more reliable reaction rates can be expected if experimental information backs up theory. As nuclear astrophysics is a quickly evolving field, new and often more precise experimental data on astrophysically important reactions are continuously needed [20] . Therefore, as they were in the past, cross section measurements will also be a hot topic in the future.
It is worth noting that for the calculation of the reaction rate, the total reaction cross section is needed. Angledifferential cross sections are not of direct relevance for astrophysics. Similarly, the way the final nucleus is created, i.e. the pattern of various transitions leading to its ground state, plays no role. One experimental technique which directly provides the total, angle integrated production cross section is the activation method. The general features of this method, which has other advantages from the viewpoint of nuclear astrophysics, will be reviewed in the next section.
The activation method for cross section measurements
In a typical cross section measurement of a nuclear reaction A(b, c)D, a target containing nuclei A with known and homogenous surface density N A (atoms/cm 2 ) is bombarded by a known current Φ b (1/s) of beam particles b (which can also be photons, see sect. 2.3). It is assumed that the lateral size of the beam is smaller that the target area. The cross section σ (cm 2 ) is then determined by measuring the number of reactions N reac (1/s) that take place [21] ,
There are different possibilities for the determination of N reac . Perhaps the most common method in nuclear physics and also in nuclear astrophysics is the detection of the light outgoing particle c of the reaction. Since nuclear reactions typically occur on very short time scales (10 −15 -10 −22 s), this technique can be referred to as the prompt or in-beam method as the detection of the outgoing particles must be carried out during the beam bombardment. The in-beam method is often a valuable complementary approach to the activation described below as it allow to measure partial cross sections and to examine reactions where the reaction product is not suitable for activation experiments.
The other possibility is the determination of the number of produced heavy residual nuclei D. Often these heavier reaction products D carry a relatively small kinetic energy compared to the beam particles b and may not even leave the target. Their prompt detection requires special experimental techniques such as a recoil separator combined with an inverse kinematics experiment (i.e. the light particle b is bombarded by the heavy nucleus A) [22, 23, 24, 25, 26] .
If the produced heavy residual nuclei D are radioactive, their number can be determined via their decay. This is the basis of the activation method. Let us suppose that the radioactive species created has a decay constant λ [1/s] which is related to its half-life: t 1/2 = ln(2)/λ [s] . If the target is irradiated by a beam with constant current for a time period of t irrad , then the number of produced radioactive nuclei still alive at the end of the irradiation is given by:
where the last exponential term accounts for the decay of the reaction product during the irradiation. It converges to the time duration of the irradiation t irrad if the halflife of the reaction product is much longer than t irrad . If the half-life is shorter than or comparable to t irrad and the condition of constant beam current during the irradiation is not fulfilled, then the irradiation period must be divided into n sufficiently short intervals during which the current can be regarded as constant. Then the above formula becomes:
where τ ≡ t irrad /n is the length of the time period and Φ b,i is the beam current in the i th period. The last exponential term takes into account the decay of the produced isotopes between the i th period and the end of the whole irradiation.
For the cross section measurement N reac must be determined. This can be achieved by observing the decay of the reaction product for a given counting time t c . The number of decays is given by the following formula [21] :
where t w is the waiting time elapsed between the end of the irradiation and the beginning of the counting. The production and decay of the reaction product is illustrated schematically in fig. 1 . If the half-life is much longer than any reasonable counting time t c , then N decay will be very small making the cross section determination difficult or impossible. In such a case, a different determination of N prod is necessary. The method of Accelerator Mass Spectrometry (AMS) can be applied in the case of long half-lived reaction products. This technique will be reviewed in sect. 4 An activation experiment can be divided into two separate phases: the production of the radioactive reaction products, i.e. the irradiation phase, and the measurement of the decay of the reaction products. In the next sections, the experimental techniques used in an activation measurement in nuclear astrophysics will be discussed in detail separately for the two phases:
-Section 2 deals with the irradiation (production) phase.
Number of alive radioactive nuclei time t irrad t c t w Fig. 1 . Schematic illustration of an activation process. The number of alive radioactive nuclei is plotted as a function of time. In this example the target is irradiated for three half-lives and the decay is also measured for three half-lives after a 0.5 half-life waiting time.
-Section 3 deals with activity measurements.
-Section 4 describes the direct atom counting of the reaction products.
Several examples will be used to discuss the various experimental aspects. Related to different astrophysical processes, these examples will be taken mainly from experiments carried out with the participation of the authors of the present review. In stellar hydrogen burning there are a few reactions which lead to radioactive isotopes and the activation method can therefore be used. For example, one of the key reactions of the pp-chain of hydrogen burning is 3 He(α, γ) 7 Be which leads to the radioactive 7 Be. This reaction was studied many times using the activation method [16, 27, 28, 29, 30, 31, 32, 33, 34] 40] reactions. Other astrophysical process for which the activation method is extensively used is the γ-process [12] . The dominant part of the experimental cross section database [41] relevant to the γ-process is collected from activation experiments [17, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71, 72, 73, 74, 75, 76, 77, 78, 79, 80] . In the case of neutron induced reactions, the ones involved in the sprocess network are often studied by the activation method [7] .
Before a detailed description of the nuclear astrophysics motivated activation experiments, it is worth noting that activation is a widely used technique in many applications, e.g. material analysis. The activation analysis determines the elemental and isotopic composition of unknown samples based on the known cross section of a given reaction and on the detection of the decay of the reaction products. This is in contrast with the activation cross section measurements where the cross section is the unknown quantity which is to be determined using a sample of known composition. Neutron activation analysis is a particularly powerful technique as neutrons can penetrate deep into the samples and provide therefore information about the bulk and not only about the surface. Charged particle activation analysis, on the other hand, is important in cases where only the surface layers of the samples are to be studied. Exhaustive information can be found in many available textbooks about the activation analysis method [81, 82, 83, 84 , and many others].
2 First phase of an activation experiment: production of the radioactive species
In the first phase of an activation cross section measurement, a suitable target is bombarded by a beam of projectiles. The target properties (thickness, composition, etc.) must be known. The determination of the cross section requires the knowledge of the number of target nuclei (an important exemption is the AMS method, see section 4) and the number of projectiles impinging on the target (see eq. 3). In nuclear astrophysics, charged particle (mostly proton or alpha), neutron and γ-induced reactions are studied. The activation by theses three types of beams requires different experimental conditions. These special conditions are discussed separately in the following subsections.
Charged particle induced reactions

Relevant beam energies
As emphasized in the introduction, proton and alphainduced reactions play a key role in many astrophysical processes from hydrogen burning up to the processes taking place in e.g. a supernova explosion. The cross section of these reactions must be known at relatively low energies corresponding to the Gamow-window or as close to it as possible. Additionally, a wide energy range is often mandatory for the cross section measurements in order to enable reliable theory-based extrapolation to the energies of astrophysical relevance.
The number of energy points measured within the chosen energy range, i.e. the resolution of the excitation function depends on the expected energy dependence of the cross section. Where a smooth variation of the cross section is expected as a function of energy, fewer points will be enough to constrain theoretical cross section calculations [77, e.g.] . Where the cross section is dominated by narrow resonances, fine energy steps and/or resonance strength determinations are necessary [39, e.g.] . In some cases, the assumption of smoothly varying cross section proves to be wrong and stronger fluctuations in the excitation function are observed. This means that more energy points of the cross sections have to be measured in order to provide reliable reaction rates. A good example is the 92 Mo(p,γ) 93 Tc reaction relevant to the γ-process where the low level density of the neutron-magic reaction product means that the basic assumption of the statistical model is not valid. The observed fluctuation and the disagreement between the available experimental data indicate the need for further studying this reaction. See ref. [71] and references therein.
Irradiations
Low-energy proton or alpha beams are typically provided by electrostatic accelerators or cyclotrons. In order to measure low cross sections, high beam intensities are usually required to produce sufficient reaction products (see, however, sect. 2.1.3 for target stability issues). Following eq. 3, for the cross section determination the number of projectiles impinging on the target must be known. In the case of charged particle induced reactions, this number can easily be obtained based on charge measurement (with the exception of gas targets, see sec. 2.1.4). The chamber where the target is placed must form a good Faraday cup so that the measurement of electric current delivered by the beam to the target can be converted into the number of projectiles. An example of a typical activation chamber can be seen e.g. in fig. 1 . of ref. [76] .
The duration of the irradiations is typically defined by the half-life of the reaction product studied. As the number of produced isotopes goes to saturation (see eq. 4), irradiations longer than about three half-lives do not provide any additional yield. Often more than one reaction, i.e. more than one reaction product is studied in one experiment. In such a case the longest half-life determines the length of the irradiation. If the half-lives are long, in the range of days, or longer, then the duration of the activation is usually limited by the available accelerator time.
If the length of the irradiation is longer than or comparable to the half-life of a reaction product then the variation of the beam intensity must be recorded and taken into account in the analysis. This is usually done by recording the charge on the target as a function of time using the multichannel scaling (MCS) mode of an ADC. The time basis of the MCS is determined by the respective half-lives.
The necessity of MCS charge recording is illustrated in fig. 2 . The shown histogram of the proton beam intensity was recorded during the measurement of the 64 Zn(p,γ) 65 Ga cross section [70] . It can be seen that the beam current was fluctuating and decreasing continuously during the activation time of 140 minutes. The two curves in the figure show the calculated number of live 65 Ga nuclei (in arbitrary units) based on the recorded MCS histogram and based on the assumption of constant (averaged) beam current during the activation. Not recording the beam current variation would result in an overestimation of reaction products by about 20 % in this case as it can be seen from the different values of the red and blue curves at the end of the irradiation. It should be noted that the long irradiation was necessary as in this experiment besides the 64 Zn(p,γ) 65 Ga reaction, the 64 Zn(p,α) 61 Cu reaction channel was also measured, where the half-life of 61 Cu is much longer, 3.4 hours compared to the 15.2 min half-life of 65 Ga.
Target properties and characterizations
Charged particles lose energy quickly when passing through matter. In order to obtain the cross section at a well defined energy, thin targets must be used where the energy Fig. 2 . Variation of the beam intensity with 1 minute time intervals. The number of alive 65 Ga nuclei produced in the 64 Zn(p,γ) 65 Ga reaction is also shown calculated based on the measured beam intensity variation (exact) and supposing constant beam intensity (approximated). It is clearly seen that the assumption of the constant beam intensity leads to a wrong estimation of the produced isotopes. The y axis is in arbitrary units.
loss of the beam is small compared to the characteristic variation of the cross section as a function of energy. This requirement is fulfilled with targets having a thickness up to a few times 10 18 atoms/cm 2 , which corresponds to a thickness of typically of order of 100 nm. Such thin layers are normally produced by vacuum evaporation or sputtering techniques onto a support material (backing) [85] . In some cases, special techniques are needed such as anodization for producing oxygen targets, for example for the 17 O(p,γ) 18 F reaction [86] . For an activation experiment the backing of the target can be either thin or thick type. By definition, a thick backing completely stops the beam. A thin backing, on the other hand, allows the beam to pass through losing only a small fraction of its energy. The beam stop, where the charged particle beam is fully stopped, can be independent in this case having some advantages for reducing beam induced background (see sect. 3.4). A thin target backing must be thick enough to fully stop the radioactive reaction products, as the induced activity is measured later in the target itself. In typical cases, however, based on the reaction kinematics the reaction products have such low energies that they are fully stopped in the target backing foils which normally have thicknesses of the order of micrometers.
In addition to the number of projectiles, the number of target atoms, more correctly the surface density of target atoms, must also be known. This quantity is referred to as the target thickness. There are different ways to determine the target thickness. Perhaps the easiest way is to directly measure the weight of the target backing before and after the deposition of the target layer. This method can be used only for thin backings. Furthermore, the stoichiometry of the target material must be known a priori as weighing does not give any information about the molecular composition. This method is best used in the case of single element targets.
Other methods for the determination of target thickness usually involve ion beam analysis techniques [87] . The most commonly used methods are Rutherford Backscattering Spectroscopy (RBS), Particle Induced X-ray Emission (PIXE) and Nuclear Reaction Analysis (NRA). These measurements for the target thickness determination are usually carried out before the actual activation cross section measurement. It has been shown that an inspection of the target before and after the activation process can also be useful (see below). In the next paragraphs one example will be given for each of these methods.
RBS is a very powerful method for determining the absolute target thickness if the chemical element to be studied is well separated in the spectrum from the other elements in the target or backing. The best result will be obtained for a heavy element target that is deposited on a backing made of light elements. Figure 3 shows an RBS spectrum of a Eu 2 O 3 target evaporated onto a 2 µm thick Al foil [60] . For the thickness measurement, a 2 MeV α-beam was used and the backscattered alpha particles were detected at an angle of 165
• with respect to the beam direction. The α-particles scattered by the heavy Eu can be easily distinguished from those scattered on Al or O. The spectrum was fitted using the SIMNRA code [88] . As the area of the Eu peak can be related to the height of the plateau of the Al backing, the absolute Eu thickness can be determined independently from the number of α-particles hitting the target and from the solid angle covered by the particle detector [42] . Systematic uncertainties related to the charge integration and solid angle determination are thus avoided. Therefore, more precise target thickness measurements can be carried out and relatively simple experimental setups can be used.
The PIXE technique is very sensitive and allows the determination of trace element concentrations in various samples [89] . It can, however, also be used for the quantitative determination of the amount of chemical elements making up the target in a sample (i.e. for a target thickness measurement) if the layer is suitably thin so that the X-ray self-absorption can be controlled. Figure 4 shows a typical PIXE spectrum of an Er target evaporated onto a thin Al foil. Besides the X-ray peaks corresponding to Al and Er, other peaks originating from trace element impurities in the sample are also labeled. This indicates the high sensitivity of the method. For an absolute determination of the target thickness the number of projectiles hitting the target and the absolute efficiency of the X-ray detector must be known. Therefore, the target thickness measurement with the PIXE technique usually requires a dedicated PIXE setup [90] .
If a suitable nuclear reaction can be induced on the target isotope to be studied, the NRA method can be used for target thickness determination [91] . This method is especially powerful if a narrow resonance is present in the studied reaction (resonant NRA). In this case only the resonance profile of the target must be measured, i.e. the yield of the resonance as a function of the bombarding energy around the resonance. There is no need for the precise knowledge of the reaction cross section or the resonance strength. Only the composition of the target (the stoichiometry) and the stopping power must be known.
An example is shown in fig. 5 . A TiN target sputtered onto a thick Ta backing [40] was investigated using the E p = 897 keV resonance in the 15 N(p,αγ) 12 C reaction [92] . Having independent information about the Ti:N ratio in the target and knowing the proton stopping power in Ti and N, the target thickness can be obtained from the width of the measured resonance profile.
Besides these three methods, there are several other techniques which can be used for target thickness determination. These include, but are not limited to, X-Ray Fluorescence Analysis (XRF) [93] , Elastic Recoil Detection Analysis (ERDA) [94] and Secondary Ion/Neutral Mass Spectrometry (SIMS/SNMS) [95] . Often it is useful to carry out two or more independent measurements of the target thickness in order to increase the reliability of this important quantity. This is especially necessary with targets having an uncertain stoichiometry [96] . The final uncertainty of the measured target thickness will strongly depend on the properties of the target itself and on the methods used. Using more than one method is useful also for reducing the uncertainty.
Since low cross section measurements require high beam intensities (often hundreds of microamperes), the possibility of target degradation under beam bombardment must be studied. As opposed to the in-beam experiments, in activation there is no continuous measurement of the reaction yield during the irradiation, any target degradation must thus be checked independently. One possibility is to measure the target thickness both before and after the irradiations and if no difference is found, the target stability is guaranteed. In such cases the thickness measurement must be carried out precisely on the beam spot irradiated during the activation. With this method, however, the degradation of the target is revealed only after the irradiation and -in the case of short half-lives -after decay counting.
If possible, continuous monitoring of the target stability during the activation is therefore preferable. This is often done by detecting the scattered beam particles from the target. For this purpose, a particle detector will be placed inside the activation chamber. The target degradation can then be derived from the yield of the scattered particles.
Problems with target thickness determination and target degradation can be avoided by using sufficiently thick targets in which the beam is completely stopped. In such a case, instead of the cross section the so-called thick target yield is measured directly. Applying fine energy steps, the cross sections can be deduced by differentiating the thick target yield function. If the thick target yield is measured in the Gamow-window for a given astrophysical process, then the astrophysical reaction rate can be derived directly from the yield values. Details of a thick target yield measurement and the related formulae can be found in ref. [71] .
Gas targets
Almost all considerations above are related to solid targets. In some cases, however, the application of a gas target for an activation experiment may be necessary or advantageous. In the case of noble gases, for instance, besides the often difficult-to-characterize implanted targets, a gas target is the only option. An example is the 3 He(α, γ) 7 Be reaction [16, 27, 28, 29, 30, 31, 32, 33, 34] , which involves two noble gas isotopes and necessitates the application of a gas target. A gas target was also needed for the study of the γ-process reaction 124 Xe(α, γ) 128 Ba [77] as well as for the (n,γ) reactions on the Ne [97, 98] and Xe isotopes [99] . Other examples are reactions in inverse kinematics that involve proton or alpha-induced reactions using Hydrogen or Helium targets. For example, the 40 Ca(α, γ) 44 Ti reaction was studied in inverse kinematics with 44 Ti counting using AMS [100, 101] .
Gas targets can be windowless (extended [102, 103] or gas jet [104] ) or gas cell type [105] . In a cell the gas is confined between either two thin foils (where the beam passes through both foils) or one thin foil and the beam stop. For neutron activation high-pressure cells of aluminum, stainless steel or titanium have been used. Windowless gas targets are necessary at low bombarding energies when the energy loss and straggling would be too much even in the thinnest possible entrance window (the window would completely stop the beam or the energy of the beam after passing through the foil would be highly uncertain). Windowless configurations are also preferred for in-beam experiments where the prompt radiation emitted from the reactions taking place in the window could cause disturbing background. This latter issue is not of concern in activation experiments as disturbing activity originating from the window can easily be avoided (see sect. 3.4).
The number of target atoms can be determined in a gas target experiment typically more precisely than for solid targets by measuring the gas pressure and temperature and knowing the physical length of the gas cell or chamber. For an extended gas target, the pressure profile along the length of the chamber must be investigated while the thickness of a jet target is typically measured by elastic scattering or nuclear reactions. Possible impurities present in the target gas must also be identified. If a high intensity beam passes through the gas, local heating may result in the reduction of the density and therefore a thinning of the target. A detailed study of the latter two effects can be found in ref. [106] .
The radioactive reaction products created in the gas must be collected in a suitable catcher. The catcher can be the beam stop closing the gas volume on the downstream side, the foil closing a gas cell, or a separate foil placed inside the gas at a suitable place. Taking into account the reaction kinematics and the energy loss and straggling, it is important to guarantee that the reaction products can reach the catcher with high enough energy in order to be implanted deep enough into the catcher. Simulations using the actual geometry of the setup may be necessary [77] .
Neutron-induced reactions
In contrast to activations with charged particles, measurements of neutron-induced reactions are limited by the neutron beam intensity. Neutron fluxes are typically several orders of magnitude smaller than the intensities of proton or α beams. This difficulty is partly compensated by the longer range of neutrons in matter so that much thicker samples can be used in neutron activations. This section deals with the role of neutron-induced reactions in nuclear astrophysics and the possibility to mimic stellar neutron spectra in the laboratory for the corresponding cross section measurements. In particular, the concept of using quasi-stellar neutron spectra for activation measurements turned out to be a very efficient and comparably simple way of obtaining a wealth of (n, γ) cross section data for nucleosynthesis studies in Red Giant stars.
Astrophysical scenarios and laboratory approaches
More than 95% of the abundances of elements above Fe are the result of neutron-capture nucleosynthesis during stellar evolution (s process) and during some kind of explosive event, e.g. a final supernova or the merger of two neutron stars (r-process). The s-process scenarios are related to the advanced evolutionary stages of shell-He and shell-C burning and are characterized by temperature and neutron density regimes ranging from 0.1 to 1 GK and 10 7 to 10 10 neutrons/cm 3 , respectively [7] . In the explosive rprocess environments temperatures and neutron densities are much higher, reaching 2-3 GK and more than 10 20 neutrons/cm 3 . These parameters imply typical neutron capture times of weeks to years inside the stars and of milliseconds in explosive events, much longer or much shorter than average beta decay times, which are typically ranging between minutes and hours. Accordingly, the s-process reaction path follows the valley of beta stability by a sequence of (n, γ) reactions on stable or long-lived isotopes, whereas the r process exhibits a complex reaction network of very short-lived nuclei far from the line of stability. Experimental efforts are, therefore, concentrated on cross section measurements for the s-process, where data are needed at keV neutron energies according to the temperatures mentioned above. Free neutrons in stars are essentially provided by (α, n) reactions on 13 C and 22 Ne during the helium burning phases of stellar evolution.
In the dense stellar plasma neutrons are quickly thermalized and follow a Maxwell-Boltzmann energy distribution. The effective stellar (n, γ) cross sections are defined as Maxwellian averaged cross sections (MACS) [7] by averaging the energy-dependent cross section over that spectrum,
To cover the full range of s-process temperatures, the cross sections σ(E n ) are needed as a function of neutron energy from about 0.1 ≤ E n ≤ 500 keV. Such data are usually obtained in time-of-flight (TOF) measurements at pulsed neutron sources. Instead of evaluating the MACS via Eq. 7, activation in quasi-stellar neutron spectra offers an important alternative that allows one to determine the MACS values directly from the induced activity [7] .
Activation in quasi-stellar neutron spectra
Apart from the fact that the method is restricted to cases, where neutron capture produces an unstable nucleus, activation in a quasi-stellar neutron spectrum has a number of appealing features.
-Stellar neutron spectra can be very well approximated under laboratory conditions so that MACS measurements can be immediately obtained by irradiation and subsequent determination of the induced activity. -Technically, the method is comparably simple and can be performed at small electrostatic accelerators with standard equipment for γ spectroscopy. -The sensitivity is orders of magnitude better than for TOF experiments, because the accelerator can be operated in DC mode and because the sample can be placed directly at the neutron production target in the highest possible neutron flux. This feature opens opportunities for measurements on sub-µg samples and on rare, even unstable isotopes, an important advantage if one deals with radioactive materials. -In most cases the induced activity can be measured via the γ decay of the product nucleus. This implies favorable signal/background ratios and unambiguous identification of the reaction products. The excellent selectivity achieved in this way can often be used to study more than one reaction in a single irradiation, either by using elemental samples of natural composition or suited chemical compounds. -In the case of long-lived reaction products, direct atom counting through accelerator mass spectrometry can be applied (see sec. 4). This method is complementary to decay counting.
So far, experimental neutron spectra, which simulate the energy dependence of the denominator of Eq. 7 have been produced by three reactions. The 7 Li(p, n) 7 Be reaction provides a spectrum similar to a distribution for a thermal energy of kT = 25 keV [107, 108] that can be obtained with (p, n) reactions on 18 O and 3 H, respectively. The spectrum of 5 keV is well suited to mimic the main neutron source in AGB stars, because the 13 C(α, n) source operates at 8 keV thermal energy, whereas the spectrum of 52 keV is similar to the higher temperatures during shell-C burning in massive stars (kT = 90 keV). More specific spectra can be obtained by the superposition of irradiations at different energies and sample positions as demonstrated in Ref. [111] .
Because the proton energies for producing these quasistellar spectra are only slightly higher than the reaction thresholds, all neutrons are emitted in forward direction as illustrated schematically in fig. 6 . The samples are placed such that they are exposed to the full spectrum, but very close to the target at distances of typically 1 mm. The simultaneous activation of gold foils in front and back of the samples are used to determine the neutron flux via the well-known (n, γ) cross section of 197Au. The setup includes a neutron monitor at some distance from the source for recording the neutron intensity during the irradiation. This information serves for off-line corrections of intensity variations due to fluctuations of the proton beam or to a degradation of the target [107] , an aspect that is important if the half-life of the induced activity is comparable to the irradiation time.
With the available proton beam currents of electrostatic accelerators of up to 100 µA [112] it is possible to produce maximum yields of 10 9 , 10 8 , and 10 5 neutrons per second via (p, n) reactions on 7 Li, 3 H, and 18O, respectively. These values are orders of magnitude higher than obtainable in TOF experiments. For comparison, the highest fluxes reached at the most intense TOF facilities LAN-SCE [113] and n TOF-EAR2 at CERN [114] are about 5×10 5 s −1 . A further increase by more than an order of magnitude in beam power and, correspondingly in neutron flux, has been gained in activation measurements at the SARAF facility [115] .
Thanks to the high neutron flux, activation represents the most sensitive method for (n, γ) measurements in the astrophysically relevant energy range. This feature provides unique possibilities to determine the very small MACSs of neutron poisons, of abundant light isotopes, and of neutron magic nuclei. Moreover, the excellent sensitivity is of fundamental importance in measurements on very small samples, be it because the sample material is extremely rare as in the case of 60 Fe or comparably short-lived. The latter aspect is crucial for the determination of the MACSs of unstable isotopes, which give rise to local branchings in the s-process path by the competition between neutron capture and β − decay as in case of 147Pm discussed below. The branchings are most interesting because the evolving abundance pattern carries information on neutron flux, temperature and pressure in the stellar plasma (see Ref. [116] for details). In most cases, TOF measurements on unstable branch point isotopes are challenged by the background due to the sample activity or because sufficient amounts of isotopically pure samples are unavailable.
Another advantage of the activation method is that it is insensitive to the reaction mechanism. In particular, it includes the contributions from Direct Radiative Capture (DRC), where the neutron is captured directly into a bound state. This component contributes substantially to the (n, γ) cross sections of light nuclei, but could not be determined in TOF measurements so far.
Likewise, the determination of partial cross sections leading to the population of isomeric states, which is very difficult in TOF experiments, can easily be performed by activation [117] .
Certain limits to the activation method are set by the half-life of the product nuclei. Long half-lives imply low induced activities, which are then very difficult to quantify accurately. In favorable cases, this problem can be circumvented by means of the AMS technique discussed in Sec. 4. In case of short half-lives, saturation effects are restricting the induced activity at a low level, which is then further reduced by substantial decay between irradiation and activity counting. By repeated cyclic activation, this limit can be pushed to a few seconds [118] . [119] is challenging because of the relatively short half-life of 11 s of the radioactive 20 F isotope. Correspondingly, the irradiation time was limited to about 30 s to avoid critical saturation effects. In turn, the small MACS of 19 F implied that not enough activity could be produced in this short period. In this case cyclic activations were performed using a pneumatic slide to transport the sample within 0.8 s from the irradiation position of the 7 Li target to a heavily shielded HPGe detector at a distance of 50 cm, each cycle lasting for 60 s. During the counting interval, the proton beam was blocked to keep the background at a manageable level. The cumulated γ spectrum in fig. 7 illustrates that very clean conditions could be obtained in spite of the experimental difficulties. In the second case the 6 min half-life of 61 Fe was sufficient for transporting the sample to a low-background laboratory for the activity measurement. This activation was complicated by the small MACS of 5.7 mb and by the minute sample [121] of only 1.4 µg, which resulted in an extremely low activity per cycle and required 47 repeated irradiations. The third experiment was performed with an even smaller sample of only 28 ng or 1.1 × 10 14 atoms in order to keep the 147 Pm activity (t 1/2 =2.6234 ± 0.0002 y) at a reasonable value of 1 MBq. In both measurements a compact arrangement of two high-efficiency HPGe Clover detectors was required to identify the weak γ signals from the activation. This setup is described in the following Sec.
Selected examples
3.
In connection with recent observations of terrestrial 60Fe the yet unmeasured MACS of 59Fe became an important issue. 60 Fe is mostly produced in the late evolutionary stages of massive stars and is distributed in the interstellar medium by subsequent supernova explosions [122] . Minute traces of 60 Fe have also been discovered in deep sea sediments pointing to nearby supernovae within the past few Myr [123] . To provide the complete link between the amount of 60 Fe produced and the traces found on earth one has to know the MACS of the short-lived 59 Fe (t 1/2 = 44.503 ± 0.006 d). In view of the inconveniently short halflife this measurement appears only feasible if the MACS can be inferred indirectly. This could be obtained using double neutron capture sequence 58 Fe(n, γ)(n, γ) 60 Fe, irradiating stable 58 Fe in an intense quasi-stellar spectrum for kT = 25 keV and detecting the final product 60 Fe via AMS. However, this venture represents a really big challenge and requires extremely high neutron densities of the order of 10 12 s −1 that may, hopefully, be reached once the future FRANZ facility [124] will be fully operational.
Sometimes MACS measurements in a quasi-stellar spectrum need to be complemented by additional activations at higher energies. This is illustrated at the example of the 13 C(n, γ) reaction [125] . Fig. 8 shows how the p-and dwave components of the DRC contribution could be quantified at the relevant stellar energies around 25 keV by means of two additional activations between 100 keV and 200 keV, just below and above the 154-keV resonance. A full collection of the many activation measurements in quasi-stellar neutron fields can be found in the KADoNiS compilation [127] .
Gamma induced reactions
From the point of view of nuclear astrophysics, photoninduced experiments together with a general description of the experimental approaches have been summarized in the review paper of Mohr et al. [128] . In the present work a brief summary is provided on the astrophysical motivation of γ-induced reaction studies with the activation method together with a brief account of state-of-the art γ-sources and the experimental setups relevant to activation. A special emphasis is given to the upcoming ELI-NP facility [129] opening new possibilities for the γ-induced reaction studies. Some examples will be provided as well.
Astrophysical motivation
Laboratory studies of γ-induced reactions can be important either for astrophysical scenarios where γ-induced reactions are dominant, or to study radiative capture reactions where the direct study is difficult from the technical point of view. The astrophysical γ-process responsible mainly for the production of p-nuclei is clearly connected to a sequence of γ-induced reactions, therefore many experiments have been performed to study the nuclear physics background of p-process nucleosynthesis. A review of Rauscher et al [12] summarized the astrophysical origin of the pnuclei, the relevant reaction rates and reaction mechanisms, and in general the nuclear physics aspects of the γ-process. An indirect study of (n, γ) reactions for the s-process through the inverse (γ, n) reaction is another example for using γ-induced reactions [130] .
In an astrophysical scenario, i.e. a given layer of a supernova explosion, the photon density at temperature T is [128] :
and the stellar reaction rate of a γ-induced reaction (γ,x) is:
It is important to note that σ * (γ,x) (E) is the cross section under stellar conditions, that can differ in some cases drastically from the laboratory value where the target is always in the ground state. This is why in many cases the reverse charged particle induced reactions are studied instead of the γ-induced ones. A wide range of activation experiments have been performed in that way.
As an example of the astrophysically important energy region for the γ-process, we show in fig. 9 the above integrand for 148 Gd(γ, α), 148 Gd(γ,p), 148 Gd(γ,n) at T 9 =2.5 in relative units. The cross sections have been taken from the TALYS code in the capture channel and have then been converted to the 148 Gd(γ,x) reactions, so it is relevant only for the laboratory yields. In addition, the energy region (Gamow window) depends also on the mass of the nucleus and the site temperature. Consequently, (γ,n) studies need γ-beams ranging in energy from 1 MeV up to 10 MeV.
Relevant γ-sources
There are numerous ways to produce high energy photons with high intensities, and worldwide there are dedicated facilities providing γ-beams. While a wide range of sources includes γ-ray production using thermal neutron capture and positron annihilation in flight, in the present paper we discuss those facilities where the activation method has been used recently or is planned to be used for astrophysical purposes. Those facilities use either bremsstrahlung radiation or laser Compton scattering to produce high energy γ-rays. The basic performance parameters of the systems are the beam intensity and the energy resolution.
It has to be noted that while tagging is used in many setups to improve the energy resolution of the system (see e.g. ref. [131] ), this cannot be used for the activation experiments, so we omit the discussion about the tagging procedure here.
The bremsstrahlung facilities consist typically of a high energy, high intensity electron accelerator and a radiator target, where the electron beam slows down and a continuous energy γ-spectrum is released. S-DALINAC, Darmstadt [132] and ELBE, Dresden [133] such astrophysics-related activation experiments have been performed. Cross sections of γ-induced reactions can be determined at bremsstrahlung facilities basically with two methods. In the first one, yield differences are measured and unfolded at different electron energies with the corresponding continuous γ-spectra [134] . In the second method, instead of individual activations, a superposition of bremsstrahlung spectra is designed in a way that a γ-field of the astrophysical scenario (or at least its high energy domain) is approximated [135] .
In both methods, the crucial part is the determination of the absolute γ-yield, and the electron energy.
A further methodology for γ-beam production is the use of laser Compton scattering, i.e. Compton scattering of a laser photon with a relativistic electron. In contrast to the bremsstrahlung sources this kind of facilities provide quasi-monoenergetic photon beams of variable energies. A summary of the technology and recent developments is given in [136] and the HIGS (High Intensity Gamma-Ray Source) facility is described in details in [137] .
Since the Nuclear Physics pillar of the Extreme Light Infrastructure (ELI-NP) in Romania is being commissioned, we will describe this facility as an example of a γ-beam facility based on laser Compton scattering.
The ELI-NP γ-beam system (GBS) [138] will be superior to the laboratories which are operational at present in terms of beam intensity and bandwidth (see table 1 in ref [139] and references therein). The facility will deliver almost fully polarized, narrow-bandwidth, high-brilliance γ-beams in the energy range between 200 keV and 19.5 MeV, which will be produced via inverse Compton backscattering of laser photons off relativistic electrons. The time structure of the γ-beams will reflect the radiofrequency (RF) pulsing of the electron accelerator working at a repetition rate of 100 Hz. Each RF pulse will contain 32 electron bunches with an electric charge of 250 pC, separated by 16 ns. The J-class Yb:YAG lasers will deliver 515 nm green light and will operate at 100 Hz. A laser re-circulator will ensure the interaction with the train of 32 microbunches [140] . The parameters of the ELI-NP γ-beams are summarized in Table 1 .
At the ELI-NP GBS it will be possible to perform activation experiments. For this purpose a dedicated irradiation station [141] is under construction. It is designed for irradiation of various solid targets with an intense γ-beam. The system has to be able to host several solid targets, automatically load a target and position it for irradiation. After the irradiation, the target need to be moved from the target position and transferred to the target measurement station by e.g. a pneumatic transport system. All these operations are to be done remotely via a computer control system. For achieving an optimal irradiation of the target, the alignment of the irradiation unit will be done remotely via stepper motors with an accuracy of ±0.1mm. To control the alignment of the target as well as the beam hitting point on the target itself, a CCD camera will be part of the alignment system. During the irradiation, the target has to be also aligned in the horizontal plane with very high accuracy. The alignment system will keep a correct angle alignment between the symmetry axis of the target cylinder and the beam axis within ±0.5
• . After the irradiation process, targets are transported via a devoted mechanical system to the measurement station equipped with Pb shielded and efficiency calibrated HPGe detectors. The setup for activation experiments at ELI-NP is shown schematically in fig. 10 .
Activation experiments
In this section, further information about some γ-beam facilities is given where the activation method has been used to measure γ-induced cross sections. It is not possible to cover all the experiments in the field, instead, selected instruments with selected experimental approaches are reported with limited details. The reader can find the full experimental descriptions in the relevant references.
Photoactivation technology has been used to measure partial photoneutron cross sections on 181 Ta(γ,n) 180 Ta, since partial cross sections for the isomeric state can probe the nuclear level density of 180 Ta. In this experiment, the total cross section was determined by direct neutron counting, while the ground state cross section by photoactivation [142] . This experiment was carried out in Japan, at the LCS (Laser Compton Scattering) beamline of the National Institute of Advanced Industrial Science and Technology (AIST).
A wide range of experiments on the direct determination of (γ, n) cross sections with activation has been carried out at the S-DALINAC [132] and ELBE [133] facilities. Those experiments can reveal the importance of nuclear data for heavy element nucleosynthesis. Results on systematic investigations using S-DALINAC on various (γ, n) reactions are now available [130, 143, 144, 145, 146] .
At ELBE, a pneumatic delivery system (RABBIT) has been designed to determine the activity of short lived residual isotopes. The studies at ELBE helped to understand the dipole strength and modified photon strength parameters could be suggested and compared to experimental data [147, 148, 149, 150] .
The first photodisintegration cross sections determined at a commercial medical linear accelerator were reported recently [151] aiming at (γ,n) reactions on various Dy isotopes. Since those accelerators are widely spread, this could be a very useful tool to carry out similar nuclear astrophysics studies at medical centers in the future.
3 Second phase of an activation experiment: determination of the number of produced nuclei
After the irradiations, the number of radioactive nuclei produced must be determined by the measurement of some decay radiation. If the half-life of the reaction product is short (typically less than a few minutes), then either a fast delivery system is needed which transports the target from the activation chamber to the counting facility (see e.g. ref. [152] ) or a detector must be placed next to the target chamber which allows to measure the activity before radioactive nuclei have decayed. In the case of short halflives cyclic activation is often needed in order to collect enough statistics. In most cases, however, the half-life of the reaction product is long enough so that the target can be removed from the activation chamber and transported to a detector where the decay can be measured. With only very few exceptions the radioactive reaction products undergo β-decay. All three types of β-decay (β − , β + and electron capture) are encountered. The β-decay very often leaves the daughter nucleus in an excited state and therefore the decay can be followed by γ-emission.
Since γ-detection has some clear advantages compared to β-detection (lower self-absorption of γ-rays in the target compared to β-particles, well defined γ transition energies as opposed to continuous β-spectra), in the overwhelming majority of cases, γ-detection is used in nuclear astrophysics activation experiments. In the next subsection the experimental aspects of γ-detection are detailed. Other cases will be discussed in sect. 3.2.
Gamma-detection
The de-excitation of the daughter nucleus populated in a β-decay involves the emission of characteristic γ-rays of well-defined energy. Not too far from the stable isotopes the energies and relative intensities of these characteristic γ-rays are typically well known (see, however, sect. 3.3), hence the number of produced isotopes can be determined from the detection of γ-rays. HPGe (High Purity Germanium) detectors [153] have excellent energy resolution allowing to discriminate different isotopes or elements present in the target.
As an example, fig. 11 shows an activation γ-spectrum taken on a natural Sr target after irradiation with a 3 MeV proton beam. Proton capture on three stable Sr isotopes ( 84,86,87 Sr) leads to radioactive Y isotopes ( 85,87,88 Y). The decay of the three isotopes can easily be identified in the γ-spectrum shown in the figure.
85 Y and 87 Y have long-lived isomeric states. Owing to the different γ-radiations, the decay of the ground and isomeric states could be measured separately and partial cross sections leading to these states could therefore be derived [46] .
If the half-lives of the studied reaction products differ significantly, the timing of the decay counting may also help to identify different produced isotopes. An example can be found in ref. [70] .
For an absolute determination of the cross section the most important quantity of a γ-detector is the absolute γ-ray detection efficiency. Indeed, the peak area A in the γ-spectrum from a given transition is related to the total number of decays N decay in the counting interval by the following simple relation [82] :
where η is the relative intensity of the transition in question (i.e. the ratio of the emitted γ-rays to the number of decays) and ǫ is the absolute efficiency of the detector at the given γ-energy (i.e. the ratio of the number of events in the full energy peak to the number of γ-rays emitted).
Since radioactive sources emit γ-rays with isotropic angular distribution, no term is needed in the above formula for the angular distribution (see, however, the case of coincidence technique below). Based on the methods discussed in the next paragraphs, the γ-detection efficiency can typically be determined to a precision of a few percent.
As opposed to in-beam γ-spectroscopy, in activation usually only low γ-energies (typically below 2 MeV) are encountered. In this energy range the detector efficiency can be measured by commercially available or custommade radioactive calibration sources.
Low cross sections typically lead to low activities in the targets. Therefore, in order to maximize the detection efficiency, close detection geometries and large volume detectors are required. In such a case, the so-called true coincidence summing effect may complicate the determination of the efficiency and the measurement of the target activity. True coincidence summing occurs if two or more γ-quanta from the decay of a single nucleus reach the detector [154] . The magnitude of the effect does not depend on the source activity, but strongly depends on the counting geometry and becomes significant at the close distances typically needed in nuclear astrophysics. The summing effect influences both the efficiency determination (if calibration sources emitting multiple γ-radiations are used) and the counting of the actually produced isotopes.
To demonstrate the importance of the true coincidence summing effect, fig. 12 shows the absolute efficiency of a 100 % relative efficiency (relative to a 3" × 3" NaI scintillator detector) HPGe detector measured in two different geometries. Many calibrated radioactive sources were used for these measurements, some of them emitting only one single γ-ray ( 7 Be, 54 Mn, 65 Zn, 137 Cs) and some of them emitting multiple γ-rays ( 22 Na, 57 Co, 60 Co, 133 Ba, 152 Eu, 241 Am).
One set of measurements was carried out mounting the target 27 cm far from the detector while in the second measurement the distance was reduced to 1 cm. As the diameter of the Ge crystal in the detector is 80 mm, the first can be considered as "far" geometry where the summing effect is negligible and the second one as "close" geometry introducing a pronounced summing effect. Indeed, the measured efficiency as a function of energy in the far geometry can be fitted by a smooth curve indicating negligible summing. On the contrary, the points measured in close geometry show a large scatter caused by summing. Consequently, thees points cannot be used directly to obtain an efficiency function. The four points (shown in blue in fig. 12 ) provided by single line sources, on the other hand, follow the usual power law energy dependence of the efficiency, as it is shown by the fit (blue line). This indicates that in a close geometry single line sources are strongly preferred for the efficiency determination. This, however, does not solve the problem related to the summing effect of the studied isotope itself.
Of course there are mathematical methods and computer codes which can be used to carry out coincidence summing corrections for obtaining reliable efficiencies and activities. Examples are GESPECOR [155] and TrueCoinc [156] . For a precise summing correction, however, detailed information about the source and the detectors geometry is needed and typically the accuracy of the determined efficiency and activity remains inferior when compared with far geometry measurements. A more precise method to avoid the coincidence summing problem can be the application of the two distance technique. In this method, a strong source containing the studied isotope is produced by an appropriate nuclear reaction. This can be a reaction leading to the same isotope but having a higher cross section [60] , or the studied reaction itself at higher energy where the cross section is larger [17] . This source is measured in both far and close geometries. In far geometry the absolute efficiency is measured precisely with calibration sources. Then, taking into account the decay between the two measurements, an effective efficiency conversion factor is calculated for all studied γ-transitions from the comparison of the two measurements. This conversion factor contains the actual efficiency difference between the two geometries as well as the effect of the summing. The lower activity sources of the same isotope can then be measured in the close geometry and using the conversion factor, there is no need for the direct efficiency determination.
For a reliable cross section measurement the unambiguous identification of the reaction products and the reactions themselves is crucial. If the decay of the reaction product is followed by a single γ-ray emission, it is crucial to avoid any contamination in the studied peak. Such a contamination can be caused by another radionuclide produced on a target contaminant. If the half-life is short enough, the decrease of the activity can be followed. If the decay deviates from the decay law of the studied isotope, this may indicate the presence of a longer or shorter lived contaminant nuclei. If the counting statistics allows, shorter-lived contamination can be avoided by increasing the waiting time t w , while the contribution of longer lived contaminants can be taken into account based on a later measurement when the studied isotope has already decayed. If the studied isotope emits multiple γ-rays, the comparison of activities determined from the different radiations can also reveal contamination.
It is also important to make sure that the final isotope of the studied reaction cannot be co-produced by any other reaction. Indeed, if this were the case, the activity measurement would never be able to distinguish the different reactions. Although rather rare, it can happen that the product of a charged particle capture or γ-induced reaction can also be produced by neutron capture of another stable isotope which may be present in the target [157] . If this is possible, target purity is crucial and test measurements must be carried out.
If the γ-decay scheme of the daughter isotope involves cascade transitions, coincidence measurements become possible [47, 57, 64, 68, 73, 79] . In such a case the target is typically put between two high efficiency γ-detectors in close geometry for recording two members of a γ-cascade in coincidence. With such a technique the background can be substantially reduced but the precise determination of the coincidence efficiency may become more complicated. Additionally, angular correlations between the two studied γ-rays must also be taken into account. This is often neglected, although in some cases a negligibly small correlation effect is proven by calculations [64] .
The limited efficiency of HPGe detectors has triggered the development of multi-detector arrays. In particular, Clover detector systems have been used in activation measurements, which are combining four coaxial n-type HPGe diodes in a common cryostat. The diodes are cut in a way that enables close packing with a Ge-Ge distance of only 0.2 mm. A common solution consists of four detectors, each 50 mm in diameter, and 70 mm in length. With a total active volume of ∼ 470 cm 3 such a detector reaches an absolute efficiency of about 7% at 1 MeV γ energy.
Clover detectors have been used in the 60 Fe activation experiment [112] discussed in Sec. 2.2.3. The use of such detectors has been needed because of the dominant background and the weak signal (stemming from the small amount of target material). The eight-fold segmentation of the adopted detectors allowed for the coincidence measurement of the γ-cascade. By placing the sample between the Clovers in very close geometry, absolute peak efficiencies of 26% and 10% could be achieved for the cascade transitions at 298 keV and 1027 keV, respectively. Fig. 13 shows that a nearly background free spectrum could be obtained in this way, although with reduced counting statistics.
Other detection methods for activation measurements
Gamma-ray detection is by far the most commonly applied detection method for activation cross section measurements in nuclear astrophysics. In some cases, however, this is not possible and other decay signatures must be detected. In this section four examples for such cases are shown. 
Alpha decay
In the overwhelming majority of cases in nuclear astrophysics, radioactive reaction products decay by β-decay. Only for the heaviest elements and in some special cases are α-emitting isotopes produced. Since α-decay is typically either not followed by any γ-emission, or produces only very low energy and low intensity γ-rays, the detection of the emitted α particles is preferable.
Alpha particles can be detected with high (in ideal cases up to 100 %) efficiency, but since alphas have high energy loss in matter, the self attenuation of the target layer can be significant and limits the spectroscopic information that can be obtained. Reducing the background is important as well as avoiding contaminations. Two examples of nuclear astrophysics motivated α-detection activation experiments are mentioned below.
One of the first reactions studied directly for the astrophysical γ-process was the 144 Sm(α, γ) 148 Gd reaction. As the heavy 148 Gd lies two neutrons above the N = 82 closed neutron shell, it decays back to the neutron magic 144 Sm by α-emission. 148 Gd has a half-life of about 75 years and the decay is not followed by γ-emission. This reaction was studied by activation [44] . The α-particles emitted by 148 Gd were detected either by a Si surface barrier detector, or in the case of lower activity samples by etched track detectors. The long half-life of 148 Gd allowed the transportation of the samples to an underground laboratory in order to reduce the background (see sect. 3.4). The 7 Be(p,γ) 8 B reaction is the starting point of the third pp-chain of hydrogen burning. The 8 B produced β-decays to 8 Be with a half-life of 770 ± 3 ms. Then, 8 Be promptly decays into two α-particles. None of the decays involve γ-emission and it is preferred experimentally to detect the 8 Be decay α-particles over the detection of the β-decay positrons. Therefore, the 7 Be(p,γ) 8 B cross section was (with the exception of a recoil mass separator experiment [158] ) always measured by the detection of the β-delayed α-particles [159, and references therein]. Alpha detection is advantageous in this case also because the 7 Be target is radioactive and emits γ-radiation, hence the experiment must be performed in a high γ-background environment caused by the radioactive target.
Because of the 770 ms lifetime of 8 B, cyclic activation is needed and either the fast transport of the target between the irradiation and the counting position or beam interruptions if the target is not moved.
X-ray detection
The vast majority of the proton-rich unstable isotopes decay by the competing decay modes of positron emission and electron capture. If the Q value of the β-decay is less than 1022 keV, positron emission is forbidden, and thus electron-capture is the only decay mode. An electron, located mainly on the inner (K or L) atomic shells -whose wave function partially overlaps with the nucleus -is absorbed by the nucleus and when the remaining vacancy is filled by an outer electron, a characteristic X-ray is emitted. The measurement of the cross section can be based on the detection of the characteristic X-ray radiation. A series of cross section measurements, aiming at the study of the p-process [12] , have been carried out at Atomki following this idea. The most important parameters of these measurements are summarized in table 2.
The characteristic X-ray measurement technique has often clear advantages over the "standard", γ-detection based activation. Namely, the relative intensity of X-ray radiation is usually high since the electron-capture decay is followed dominantly by the emission of either a K α1 or a K α2 X-ray (the probability of Auger electron or K β Xray emission is typically (at least) one order of magnitude smaller in the A ≥ 100 region). Furthermore, the energies of the emitted characteristic X-rays fall in a narrow region where the efficiency of the widely used germanium detectors is the highest. There are some cases when the reaction product decays without emitting γ-radiation 1 , where this technique provides the only opportunity to determine the cross section by activation.
The disadvantage of this approach is, however, that the characteristic X-ray measurement technique is not able to distinguish between the decay of the different isotopes of the same element. If the target consists of several stable isotopes of the same element, then different isotopes will inevitably be created and the separation of the reactions by X-ray detection is complicated. Therefore, targets having only one single stable isotope are preferred for this technique, or high isotopic enrichment is needed. Even if the target is isotopically pure, it is still possible that, for example, both the (α, γ) or (α,n) reaction channels are open (which is very often the case for heavy p-isotopes in the studied energy ranges). In this case, two isotopes of the same element are produced. To separate the respective cross sections, the source of the emitted characteristic X-rays needs to be identified. This can be done when the half-lives of the produced isotopes are fairly different. In 1 Such reactions, where the β-decay is followed solely by characteristic X-ray emission are e.g.
127 I(α, γ) 131 Cs or 175 Lu(α, γ) 179 Ta.
the following the application of this technique will be illustrated by two examples.
If the half-life of the (α, γ) product is about an order of magnitude longer than that of the (α,n) product, X-ray counting with adequate timing can be used to identify the origin of the emission as was done in [61, 66, 172, 173] . As an example, the cross section measurement of the 169 Tm(α,n) 172 Lu and 169 Tm(α,γ) 173 Lu reactions is introduced in the following in detail. Because of the large difference in the half-lives of the produced 172 Lu and 173 Lu (table 2, where 172 Lu is included as the disturbing reaction product on 169 Tm), it is a reliable assumption that -even if the reaction cross sections were the same -the characteristics X-ray yield measured soon after the irradiation is dominated by the decay of 172 Lu. Moreover, in the studied energy range the cross section of the 169 Tm(α,n) 172 Lu reaction increases rapidly above the reaction threshold and was found to be at least 50 times higher than the cross section of the 169 Tm(α, γ) 173 Lu reaction [176] . Thus, to determine the cross section of the radiative α-capture reaction, the activity measurement had to be repeated later, when the 172 Lu contamination decayed completely out.
In [61] the characteristic X-ray counting was carried out at least three times for each irradiated target. Firstly, the activities were measured t w = 1 -5 hours after the end of the irradiation to determine the 169 Tm(α,n) 172 Lu cross section and it was assumed that all the measured characteristics X-rays belong to the decay of 172 Lu. Moreover, the β-decay of the 172 Lu isotope is followed by the emission of several γ rays with high relative intensities. By measuring their yield the X-ray counting based 169 Tm(α,n) reaction cross sections were crosschecked at high irradiation energies. It was found that the results derived by the two different approaches are in agreement within their statistical uncertainties [61] .
After t w = 168 days and t w = 200 days from the irradiation the X-ray countings were repeated. During the cooling period of more than 24 weeks, the 172 Lu activity of the targets decreased by a factor of more than 10 7 , therefore, one can assume that the observed X-ray yield belongs solely to the decay of 173 Lu, produced by the 169 Tm(α,γ) reaction. The two different countings resulted in cross sections agreeing within their statistical uncertainties proving that the 172 Lu isotope decayed out completely. Moreover, the electron capture decay of 173 Lu is followed by the emission of the E γ = 272.1 keV γ-line which has a three times lower relative intensity than the K α1 transition. The typical laboratory background did not allow using this line to verify the above discussed experimental method. Therefore, two targets (irradiated with E α = 17.5 MeV and E α = 13.5 MeV) were transported to the Laboratori Nazionali del Gran Sasso (LNGS) deep underground laboratory and with a well-shielded 100% relative efficiency HPGe detector the activity of the targets were measured (see Sec 3.4) . Figure 14 shows the X-ray and gamma spectra measured at Atomki and at LNGS. The cross section determined at Atomki by measuring the characteristic X-rays and the ones measured at LNGS were in agreement within sta- Table 2 . Some parameters of cross section measurements -relevant for the astrophysical γ-process -carried out by measuring the yield of emitted characteristic X-rays. The target nuclei, the half-lives of the reaction products, the energies of the emitted Kα1 characteristic X-rays and the experimental technique used to separate the reaction channels are given. The decay data are taken from refs. [160, 161, 162, 163, 164, 165, 166, 167, 168 tistical uncertainties which proves the applicability of the approach [176] . The method of carrying out two separate countings with long time separation was also used for the measurement of the cross sections of the 121 Sb(α,γ),
193 Ir(α,n) reaction cross sections [66, 172, 173] .
If the half-lives of the reaction products are shorter than a few days (but the half-life of the isotope with lower production cross section is at least a few times longer than that of the other -disturbing -isotope of the same element) it is technically feasible to measure the decay curve long enough to fit the sum of two exponential functions characterizing the decay processes. At the beginning of the counting the measured characteristic X-ray yield is dominated by the decay of the shorter-lived isotope. However, after sufficient waiting its activity decreases to a level low enough and the contribution to the total X-ray yield of the longer half-life isotope becomes dominant. As 119 Sb isotope is far the longest, therefore, by measuring long enough the yield of the emitted Xrays, the radiative α-capture cross section of 115 In could be derived. Figure 15 shows the yield of the time-dependent characteristic X-rays together with the fitted exponential functions. As can be seen, in the first dozen spectra the characteristic X-ray yield is dominated by the decay of the 118 Sb m nuclei, however, after about 48-50 hours, the contribution from the 119 Sb decay starts to prevail. Moreover, the decay of both the 118 Sb m and 119 Sb isotopes is followed by the emission of γ-rays. The cross sections were measured by counting the 23.9 keV ( 119 Sb) and 40.8 keV ( 118 Sb)γ-rays, as well. The agreement between the alpha-induced cross sections based on X-ray and γ countings were found to agree within 4%, better than the independent uncertainties of the two values. A similar experimental approach to the one described here was used to measure the 197 Au(α,γ/n) cross sections [175] . For the technical aspects of X-ray detection, LEPS (Low Energy Photon Spectrometer) or LEGe (Low Energy Germanium detector) detectors are the most suitable HPGe detectors for such measurements. The cylindrical Germanium crystal of these detectors is relatively thin but the surface is large and the entrance window of the detector is thin. Accordingly, the detection efficiency for the K α and K β lines is high but the detector is largely insensitive to the γ-rays in the MeV energy range owing to the small thickness of the crystal. Further, the resolution of these detectors is outstanding (e.g. for a GL2015R type LEPS used in the experiments performed at Atomki, the FWHM of the 5.9 keV line of 55 Fe source is 380 eV and the FWHM of the 122 keV line of 57 Co source is 600 eV), enabling the separation of the K α1 and K α2 lines for an A ≥140 reaction product -as it is shown in fig. 14 . It is worth noting that for measuring low or moderate γ-ray energies, LEPS detectors may well outperform the much more expensive large volume coaxial detectors [177, 77] .
Detection of annihilation radiation
Stellar hydrogen burning processes typically involve proton capture reactions. If a radioactive species is produced by such a reaction, it is located on the proton-rich side of the valley of stability and decays by positron emission or electron capture. In the lower mass region, where the hydrogen burning processes are important, positron decay is dominant (with just a few exceptions, like 7 Be, where energetically only the electron capture is allowed). Often positron emission leads to the ground state of the daughter nucleus with no γ-radiation involved. An activation experiment in such a case can be performed by the detection of the positron annihilation radiation.
In a metallic environment of a typical target backing the positrons emitted by the decay annihilate directly without the formation of an intermediate positronium [178] . Fig. 14. Measured characteristic X-ray (left panel) and γ spectra (right panel) taken at Atomki and at LNGS, respectively after irradiating a 169 Tm target with an Eα = 13.5 MeV α beam. The X-ray and γ transitions used for the analysis (blue) and the γ-lines belonging to parasitic reactions on backing impurities (black), are resulting in the production of 73 As and 75 Se isotopes. It is worth noting that the signal-to-background ratio is similar in the activity measurements carried out at LNGS and Atomki. 119 Sb and 115 In(α,n) 118 Sb m reaction cross sections. The measured characteristic X-ray yields were fitted with the sum of two exponential functions of known half-lives. The shift between the curves is caused by the different relative intensities of the X-rays and γ-rays.
The annihilation takes place predominantly by the creation of two 511 keV energy γ-quanta which are emitted in opposite directions and are well suited for the reaction cross section determination. Reactions of astrophysical interest which can be investigated with this method are, among others, 35, 36, 37, 38, 39] . In activations based on the detection of annihilation radiation, the identification of the reaction product is especially crucial. This follows from the fact that the 511 keV radiation may be due to different sources. It is always present in the laboratory background, but if it is guaranteed that the background does not change in time, this background can easily be subtracted. More problematic are additional reactions on target impurities which pro- duce positron emitting radioactive species. The pair production of high energy γ-rays also leads to 511 keV γ's. It is especially important therefore to avoid and control target impurities and test runs with blank targets may also be necessary.
Even with such precautions, it is of utmost importance to follow the decay and analyze the half-life of the reaction product in order to identify any possible contamination. Figure 16 shows an example of such an analysis. This decay curve was measured during the study of the 17 O(p,γ)
18 F reaction at an energy which is close to the resonance of the 12 C(p,γ) 13 N reaction at 457 keV. 18 F has a half-life of 110 min while the half-life of 13 N is 10 min. At this particular energy, the 12 C(p,γ) 13 N cross section is high enough that the small carbon build-up on the target results in a strong 13 N activity. As is seen in the figure, the decay of the 511 keV signal can be well fitted by three components:
18 F decay, 13 N decay and laboratory background. With such an analysis, the 17 O(p,γ) 18 F cross section could be obtained in a reliable way [39] .
A precise efficiency determination of the γ-detector in the case of the 511 keV γ-detection requires special attention. If the target is transported from the irradiation chamber to an off-line counting setup, the target must be placed in front of the detector in such a way that a pointlike source is obtained. This means that the target must be surrounded by thick enough material to stop the created positrons completely. This can be achieved typically by less than 1 mm of a heavy metal which does not attenuate too much the 511 keV γ-rays. In the case of short halflives (such as the 15 O (t 1/2 = 2.023 ± 0.003 min) produced in the 14 N(p,γ) 15 O reaction), the decay counting may be carried out directly at the activation chamber. In this case the positrons emitted towards the vacuum can leave the target and the annihilation takes place in an extended geometry. In such a situation the efficiency determination requires dedicated experiments aided preferably by simulations.
Electron detection
The neutron magic nuclei 208 Pb and 209 Bi constitute the termination point of the s-process reaction chain. Activation measurements for these isotopes are difficult because the induced activities exhibit no or very weak γ transitions, respectively. Therefore, a 4π electron spectrometer consisting of two Si(Li) detectors in close geometry was used to measure the β spectra emitted from the reaction products [182] . fig. 17 shows a sketch of the setup. The Si(Li) detectors were mounted on calibrated micrometers so that their distance during the measurement could be adjusted to less than 1 mm, resulting in an effective solid angle close to 4π. As the detectors were kept at a temperature of 110 K, a sluice allowed the samples to be changed without breaking the vacuum. In the relevant electron energy interval between 15 and 1000 keV, the general room background could be reduced to a rate of 0.49 s −1 . Electron backscattering effects were minimized by summing the signals of both detectors. The high efficiency of the spectrometer of 93.5 ± 1.6%, which was determined by comparing the β-and γ-activities of activated gold foils, was essential for obtaining the extremely small MACS of the doubly neutron magic nucleus 208 Pb with an uncertainty of 5 %, which is essentially determined by the flux measurement and the β − -efficiency.
In measurements of radioactive samples the electron component of the induced activity is obscured by intense backgrounds of γ rays, α particles, or X rays. A miniorange spectrometer provides a solution for the selective detection of electrons [183, 184] . This compact version of an orange-type beta spectrometer uses small permanent magnets for the production of a toroidal magnetic field as sketched in fig. 18 . The six wedge-shaped samarium cobalt permanent magnets are magnetized perpendicular to their largest surface and produce a toroidal field in the gaps to bend electrons emitted from the sample around a central absorber towards a Si(Li) detector, while background radiation from the sample is blocked by the central tungsten absorber. The electron transmission curve can be tailored by adapting the shape of the permanent magnets so that a large part of the investigated beta spectrum can be observed in a single measurement. A first example for the successful use of mini-orange spectrometers was the measurement of the isomeric ratio of 241 Am [185] , which determines the relative production of 242 Cm and 244 Cm in nuclear reactors, where the low-energy conversion electrons from the decay of 241 Am could be strongly suppressed. A second application was chosen for detecting the weak electron branch in the decay of the 3.9 min isomer in 79 Se that allowed to quantify the temperature-dependence of 79 Se under s-process conditions [186] .
A note on the importance of decay parameters
The cross section determination based on an activity measurement requires knowledge of the decay parameters of the produced isotopes. This is in contrast to the technique of Accelerator Mass Spectroscopy (AMS, see sec. 4), which -due to direct atom counting -is independent of any decay characteristics. The decay parameters are the half-lives, the energies and relative intensities of the decay radiations. If the isotopes of interest are only a few mass units away from stable isotopes, they have reasonably long half-lives, thus they could be studied extensively in the last few decades. Therefore, these decay parameters are usually relatively well known. In some cases, however, less precise or apparently wrong parameters can also be encountered, especially on the neutron-deficient side of the chart of nuclides. In these cases an additional systematic uncertainty has to be added for the cross section determination, or a dedicated experiment must be performed for the precise measurement of the decay parameter in question.
The energy of the decay radiation is usually the least crucial parameter. In the case of γ-counting the energy of the emitted γ's is usually well known from decay experiments or from the known level schemes of the daughter nuclei. In addition, the energy information is not necessary for the cross section determination, it is needed only for the identification of the γ-ray to be measured, which usually does not pose a severe difficulty.
The half-lives and relative intensities of decay radiation enter into the cross section calculations and their uncertainty impacts on the final accuracy of the cross section. Half-life values with uncertainties of more than a few percent can be encountered. Often the measurement of the decay of the reaction products can reveal uncertain half-lives. An example is given in fig. 19 for the decay of 133 Ce, produced by the 130 Ba(α,n) 133 Ce reaction [17] . The measured data clearly indicate a deviation from the literature half-life and the measurement allowed a much more precise half-life determination.
In several cases, an activation cross section measurement leads also to half-life determination as a useful side result. Improved precision half-life values were recently provided e.g. for the following isotopes: [190] .
Appropriate knowledge of the relative intensity of the decay radiations is more difficult to obtain. Their measurement requires the determination of the source activity independently and may involve therefore an additional measurement on its own. For cross section determination, the relative intensities are thus usually taken from the literature. In some cases the uncertainty of the relative intensities is one of the largest systematic uncertainties of the measured cross section. Just to give one example: The cross sections of the 64 Zn(p,γ) 65 Ga and 64 Zn(p,α) 61 Cu reactions were measured recently by activation [70] . For both cases, 65 Ga and 61 Cu, the relative intensities of the individual γ-transitions used for the analysis are known well, but their absolute normalization is highly uncertain by almost 20 % [191, 192] owing to the difficulty of measuring absolute γ-intensities. As the uncertainty of the intensities enters linearly into the cross section calculation, new determination of these absolute intensities would be needed in order to reduce the uncertainty of the measured cross sections.
Background considerations
The background issues of activation experiments were mentioned several times in the previous sections. In general, background causes less problem in activation compared to in-beam experiments. In nuclear astrophysics, in-beam experiments often deal with low cross sections which are to be measured by particle or γ-detection during the bombardment of the target by the beam. Any target impurity, especially light isotopes having high cross sections may cause prompt radiation which can disturb the detection of the searched for signal. In the case of γ-detection, reactions producing high energy γ-rays are especially problematic as they cause Compton background which may cover the weak signals of the studied reaction. Such disturbing reactions include 11 B(p,γ) 12 C or 19 F(p,αγ) 16 O in the case of proton induced reactions, or 13 C(α,n) 16 O in the case of alpha induced reactions. In the latter case the capture of the produced neutron causes γ-background.
In activation experiments, the prompt radiations during the beam bombardment are not relevant. Conversely, the activation of nuclides other than the one of interest needs to be monitored especially for those having halflives comparable to or longer than the one of the investigated isotopes. Common choices for target backings are aluminum or some heavy element like tantalum.
It is important to use high-purity materials both for target and backing. Even impurities of very low concentration may cause severe background problems if they exhibit high cross sections. A common impurity in targets is iron. Different radioactive Co or Ni isotopes are produced on stable Fe isotopes by proton or α-bombardment which can be disturbing low activity measurements.
Elemental targets with more than one stable isotope sometimes suffer from a dominant reaction on one of the isotopes with a much higher cross section than the reaction under investigation; or the decay of many isotopes may produce too high a background. In such cases, isotopically highly-enriched target materials are necessary. Enrichment is also necessary if the natural abundance of the studied isotope is too low. This is often the case for γ-process experiments (where proton rich heavy isotopes with typically very low natural abundances are studied) or for 3 He(α, γ) 7 Be where 3 He has a natural abundance of only 0.000134 %.
If beam-induced activities can be avoided, there may still be a problem with the ambient laboratory background. In an activation experiment the detector can be shielded in a 4π geometry which reduces strongly the laboratory background. Cosmic ray induced interactions, however, cannot be avoided by such a passive shielding. Active methods, like the application of cosmic-ray veto detectors can be useful (see e.g. [47, 57] ). If the half-life of the reaction product is long enough, the irradiated target can be transported to e.g. an underground counting facility which provides ultra low background conditions [193] [194, 195] of the LNGS deep-underground laboratory in Italy [196] .
Accelerator Mass Spectrometry
Introduction
AMS is a single-atom counting technique, usually used to measure minute amounts of nuclides in mg-sized samples. AMS represents the most sensitive technique for quantifying long-lived radionuclides [197, 198, 199] . It is a mass spectrometric technique based on the use of a (tandem) accelerator. This method completely suppresses any molecular isobaric (same mass) interferences. With the high particle energies provided by the accelerator it is capable of separating atomic isobars using dedicated particle detectors.
For specific reactions, AMS offers a powerful tool to measure cross sections. The advantage compared to decay counting is that it is independent of the half-lives of the reaction products. The combination of activation and subsequent AMS measurement was applied for a range of measurements where off-line decay counting is difficult or impossible due to long half-lives of reaction products or due to weak or missing γ-ray transitions. The interested reader will find a comprehensive summary of AMS in nuclear physics and astrophysics up to 1990 in [200] and in the subsequent AMS proceedings [201, 202] . AMS was also used for measuring half-life values of long-lived radionuclides [198, 199, 200, 203] ; and also for the search of superheavy elements [204, 205, 206, 207] and for other exotic rare nuclides [198, 199, 200] .
AMS's advantage compared to conventional (low-energy) mass spectrometers is its unsurpassed sensitivity for the abundance of specific nuclides. The typical applications deal with abundance ratios (radionuclide or rare isotope versus stable isotope) in samples that differ by 12 to 17 orders of magnitude, and is usually applied to the detection of radionuclides with half-lives ranging from years up to a hundred million years. Such abundance sensitivities allow the detection of these isotopes at natural concentrations with applications in radiocarbon ( 14 C) dating, climate research, from environmental research to biomedical applications and nuclear (astro)physics. Overall, about 30 radionuclides are used in present AMS applications.
Decay counting becomes difficult in case of long-lived reaction products. However, the technique of AMS does not measure decays, but directly the number of produced radionuclides. Direct atom counting of the reaction products via AMS provides therefore a powerful complement of the conventional activation method as it is essentially independent of the half-life and decay characteristics of the reaction product, thus reducing the related uncertainties of the traditional activation technique. AMS, as any activation method (see section 1.2), inherently includes the direct capture contribution.
AMS is used to measure cross sections of nuclear reactions that often cannot be measured using conventional decay-counting approaches. It is best suited to reactions where the product nucleus has a long half-life and/or missing or uncertain γ-ray transitions which restrict the measurement of the decay activity. This method can provide accurate anchor points for critical reactions leading to radioactive nuclides for specific energies with the important aspect of being fully complementary and independent to previous experiments.
AMS was introduced to laboratory experiments in nuclear astrophysics already in 1980 just at the advent of the AMS technique itself by Paul et al. [208] with a first study of the 26 Mg(p, n) 26 Al reaction. However, only in the last 10 years this technique had been applied more routinely for cross section measurements of charged particle and neutron-induced reactions. The list of reaction products of interest for astrophysics includes radioisotopes over the entire mass range, e.g. 10 Be, 14 [222, 223, 224, 225] ) and search was carried out for existence of superheavies ( [204, 205, 206, 207] ). Many of the neutron-induced reactions utilized a spectrum imitating almost perfectly a Maxwell-Boltzmann distribution for kT = 25 keV (see section 2.2.2) [108] . AMS laboratories with an active program for cross section measurements within the last two decades include TU Munich [214, 215, 216] , ETH Zurich [197] , Caserta [226] , ANL [101, 203, 208, 227, 228] , Purdue [219] , Notre Dame [218, 229, 230] , the ANU [125, 220, 231] , CIAE [232] and the VERA facility [125, 198, 199, 213, 220] at the Univ. of Vienna (more details are given e.g. in Tab. 4). Many more reactions are studied that are relevant to nuclear technology (nuclear fusion, nuclear fission and advanced reactor concepts, but also for medical applications and radiation dose estimations). Additional measurements include environmental, geological and extraterrestrial applications that rely on production rates of cosmogenic radionuclides.
AMS and cross-section measurements
We note that AMS cannot be considered a general technique for all reaction products because of the limited number of radionuclides developed so far. The method is a 2-step process: the first step is irradiation of a sample (based on the standard activation technique). The second step is the subsequent AMS detection of the reaction product; i.e. the number of product (long-lived) radionuclei is quantified by mass spectrometry. Rewriting eq. 3 (see section 1.2), we obtain
where N prod is the quantity given in eq. 4. The experimental cross section can simply be calculated by two quantities, the isotope ratio N prod /N target (conversion ratio), which is directly measured by AMS, and the fluence Θ tot (i.e. the time-integrated fluence rate [particles/cm 2 ]). The fluence is usually determined independently, e.g. in case of neutron irradiation from gold monitor foils simultaneously irradiated with the samples. Note the particular advantage of the AMS method, i.e. that the cross section is determined by the measured isotope ratio only, completely independent of the sample mass and the decay properties of the product nucleus.
The reaction product is usually counted relative to a stable isotope of the same element. In case of neutroncapture studies this allows analyzing directly the irradiated sample material. Chemical sample preparation is, however, required in cases where the reaction product is of a different element. In these cases, following activation, the desired radionuclides will need to be separated from the bulk material. A stable tracer material of the same element as the reaction product is added and the radionuclide is measured relative to this tracer.
To illustrate the high sensitivity of AMS as an atomcounting technique, the cases of 13 C(n, γ) 14 C and 64 Zn(α, γ) 68 Ge are selected, leading to the two radionuclides 14 C (t 1/2 =5730 yr) and 68 Ge (t 1/2 =271 days), respectively. The machine background for AMS measurements of 68 Ge and 14 C is of the order of 68 Ge/Ge and 14 C/ 12 C = 10 −16 atom/atom. This number is obtained from measurements of blank samples which are assumed to contain negligible amounts of the respective radionuclide (Tab. 3). The fraction of particles finally detected in AMS with a particle detector, is a few percent for 14 C and 68 Ge.
AMS uncertainties are rarely better than 3 %, independent of counting statistics. If we require a similar uncertainty in the counting statistics, a 1 % overall efficiency in AMS requires to sputter 10 5 radionuclides. This is the minimum number of atoms that need to be produced in the sample activation. This minimum number corresponds to activities between µBq and mBq for 14 C and 68 Ge, respectively. In neutron irradiations, the typical neutron fluence rates are between 10 9 and 10 10 neutrons cm
[see e.g. Karlsruhe Institute of Technology (KIT) or Soreq Applied Research Accelerator Facility (SARAF)]. With reasonable activation times of days to one week, a total fluence of 10 14 to 10 15 neutrons cm −2 can be achieved. In case of charged-particle induced reactions, e.g. Atomki [50] produces µA α-beams, a 2 days irradiation time results in a total dose of 1×10 18 α particles. Under these conditions cross sections well below the µbarn level can in principle be studied.
Using AMS, sample masses of order 50 mg are sufficient for determining the conversion ratio in a nuclear reaction. This ratio is only a function of the particle (neutron) fluence and the reaction cross section (Eq. 11), independent of the sample mass and, due to the low masses used, not affected by multiple scattering corrections.
AMS technique
In most cases (due to the use of tandem accelerators), negatively-charged ions are produced in a Cs-sputter source, usually from sputtering solid samples. The typical sample masses are of the order of mg per sputter sample. The sample material itself is used up during the measurement. The negative ions are pre-accelerated, energy-and massselected by passing electrostatic deflector and/or an injection magnet, respectively. The ions are injected into a tandem accelerator. At the terminal of the accelerator a gas or foil stripper is utilized to strip-off electrons. The ions then leave the accelerator positively charged after being accelerated a second time.
The acceleration and the stripping process leads to the destruction of molecular isobars. A second analyzing magnet is used to select a specific positive charge state and all molecular break-up products are deflected. AMS completely destroys and removes molecular ions in the beam with the use of the accelerator and a subsequent second mass filter (analysing magnet). Stable isobars, however, follow the same path through the accelerator and subsequent analysers, and can be present at levels many orders of magnitudes (up to 10 10 ) more abundant than the rare isotope. As a consequence, atomic isobars cannot be removed from the beam by selective filtering.
Several approaches can be made to reduce isobaric interference, e.g.: specialised sample preparation can reduce the amount of the stable isobar; selecting either an elemental ion or a particular molecular ion can reduce the intensity of the isobar significantly; or spatial separation of isobars can be achieved in a gas-filled magnetic spectrograph [233, 197, 198, 199] . By taking advantage of the different energy loss behaviour of different elements in dedicated particle detectors allows them to be distinguished in principle, AS the ions are identified by their position, energy, energy loss signals and their entering angle. Other isobar separation techniques include selective photo-detachment using lasers, x-ray detection or a particle detection setup consisting of a passive absorber and a time-of-flight system [197, 198, 199] .
At best (e.g.
14 C, 55 Fe [125, 220] ), a measurement reproducibility of 1 % can be achieved in AMS, although more typically, the final AMS uncertainties are of order 3-5%. Radionuclides with a strong isobaric interference require large particle accelerators that provide the high particle energies of order 100 MeV to 200 MeV (this is several MeV/amu) resulting in a better discrimination of radionuclide against interfering isobar in the particle detector. Measurements at such facilities will have larger uncertainties between typically 7 and 10 % or higher (see also Tab. 3). In this regard, an important aspect is the availability of accurate AMS standards which are required for absolute normalization. Possible long-term drifts of the particle transmission along the beamline have to be monitored. Therefore, for quality control, the transmission is regularly monitored by means of standards with well-known isotope ratios. Because inherent effects such as mass fractionation, machine instabilities, or potential beam losses between the current measurement and the respective particle detector are difficult to quantify in an absolute way to better than 5 to 10%, accurate AMS measurements depend on well-defined reference materials. Therefore, together with samples of unknown isotope ratios, reference materials with well-known ratios are measured in periodic intervals as well.
Another ion may also mimic a true event in the detector. Contamination from chemistry or memory (cross contamination from other samples) in the ion source may induce an additional signal, misidentified as true event.
Note, that impurities in the sample after chemical preparation are typically on the ppm-level (part per million, i.e. abundances at the 10 −6 atom/atom level), whereas the rare isotope content is another 6 to 9 orders of magnitude lower. In order to quantify or check the background level, regular measurements of blank samples are crucial.
The overall efficiency (i.e. fraction of particles detected to that inserted into the ion source), which includes the efficiency for producing negative ions, stripping yield, transmission through the beam line and detector efficiency, depends strongly on the isotope under investigation. For some isotopes, e.g. carbon, chlorine or actinides, up to several percent can be obtained but in other cases one has to deal with an overall efficiency as low as 10 −3 %. The beam intensity of the rare isotope is measured as count-rate with a particle detector, either multi-anode ionisation chambers, silicon strip detectors or surface barrier detectors, sometimes also coupled with time-of-flight detectors for suppression of isotopic interference. For AMS measurements, the isotope ratio is the relevant quantity with respect to signal to background and measurement accuracy. The conversion ratio (radionuclide/target nuclide, e.g. 55 Fe/ 54 Fe) is just a function of the cross section and the particle fluence (see eq. 11).
The sample itself is consumed in the subsequent AMS runs. The consumption rate is of the order of mg per hour under typical sputtering conditions, thus masses larger than 50 mg will not be useful, as measurement times much longer than days are not applicable. The situation becomes different for reaction products that are of a different element as the target nuclide (e.g. in case of charged particles in the entrance or exit channel, such as (p, γ) or (α, γ) reactions). Because AMS usually measures isotope ratios of the same element (e.g. 55 Fe relative to 54 Fe and 56 Fe), in this second case, following activation, the desired radionuclides will need to be separated from the bulk material, mixed (spiked) with milligrams of stable isotopes and converted into clean sputter samples for the subsequent AMS measurements.
A schematic view of an AMS facility is shown in fig. 20 including the detection devices for recording the stable isotopes and the low-intensity radionuclides. Negatively charged ions from a cesium sputter source are pre-accelerated and mass-analyzed in a low energy spectrometer. Isotopes of interest are sequentially injected as negative ions into the accelerator. By rapidly varying the respective particle energies of the different isotopes, the machine setup is adjusted for the different masses of the isotopes resulting in the same mass-energy product. In this way the particles can be adjusted to the same magnetic rigidity at the injection magnet (so-called beam sequencer, not shown in fig. 20 ) and consequently they follow sequentially the same beam trajectories.
In fig. 20 the case of 55 Fe-AMS is shown, which is measured relative to the stable iron ions: the stable Fe isotopes are analyzed by current measurements with Faraday cups after the injection magnet and after the analyzing magnet (for 56 Fe and 54 Fe, respectively). The beam intensity of 55 Fe is measured as count rate with one of the particle detectors. Such a sequence can be repeated 5 to 10 times per second with millisecond injection times for 54, 56 Fe, whereas the remaining 95% of the time is used for 55 Fe counting. The transmission through the accelerator is monitored by the currents measured at the low-and the high energy side. Because the measured 54 Fe and 56 Fe currents are defined by the isotopic composition of natural iron, the AMS runs of standards and irradiated samples can in this case be based on both, the 54 Fe and the 56 Fe beam.
In a series of irradiations at KIT, neutron capture reactions for a 25 keV Maxwell-Boltzmann neutron energy distribution (see Tab. 4) were studied (see above), mainly relevant for s-process nucleosynthesis. Here a neutron flux density of ∼10 9 neutrons cm −2 s −1 was achieved on a typical target. After several days of activation, a neutron fluence of order (0.5 -2)×10
15 neutrons cm −2 s −1 could be accumulated. Combining this number with cross sections of order of 10 mbarn, we calculate a conversion ratio of ∼10 −11 (see Eq. 11). Such an isotope ratio is convenient for the routine AMS isotopes.
As an example, we use the 54 Fe(n, γ) 55 Fe cross section measurement again (see [220] ), where the ratio of the 55 Fe/ 56 Fe beam intensities, as produced in the irradiations, was of the order of 10 −11 to 10 −12 . For comparison, the machine background of the 55 Fe/ 56 Fe ratio was measured at the VERA facility to typically <2 × 10 −15 atom/atom in the detector positions 2 and 3 (see fig. 20 ).
Detector position 1, located after the electrostatic analyzer, but before an additional magnetic filter, gave a 55 Fe/ 56 Fe background of 2 − 3 × 10 −14 . This higher background originated from a few 54 Fe ions that were still accepted at this detector position. However, these ions were suppressed by more than a factor of 20 at the other detector positions further downstream. Overall, for this measurement the background contributed only less than 0.3 counts per hour to the observed 55 Fe count rate of about one every few seconds.
Summary
Hopefully the readers of this review are convinced that activation is a powerful and versatile tool for cross section measurements in nuclear astrophysics. Essentially the only inevitable restriction of the activation method is the necessity of the residual nucleus of the reaction being radioactive. If this condition is met, different versions of activation can be applied to determine the cross section. The technique is practically suited for all kinds of astrophysically important reactions such as charged particle, neutron or γ-induced ones. Various methods are available also for the determination of the induced activity from the most commonly used γ-detection to several other ones. If long-lived isotopes are encountered, the extremely high sensitivity Accelerator Mass Spectrometry technique may be applied.
For many decades the activation method has played a key role in experimental nuclear astrophysics. Many important reactions have been studied solely by this technique or as a complementary method to in-beam experiments. Clearly the importance of the method will not decrease in the future. There are still cases where the inbeam method cannot provide reliable cross section owing to e.g. high backgrounds (as in the case of the α-capture reaction on heavy isotopes). In such cases, activation provides the only alternative to date. But even in cases where the in-beam technique is possible, the activation provides a useful independent approach in order to increase the precision and reliability of the results.
In the 21 th century, astronomical observations are entering an era of incredible precision. Experimental nuclear astrophysics must keep up with such a development in order to provide input data with the required precision to the astrophysical models used for the interpretation of the observations. Experimental techniques are also being continuously developed resulting in more powerful accelerators and more sophisticated detection instruments. Exploiting these developments the activation method can remain a valuable tool in the hands of nuclear astrophysics experimentalists. 
